The concentration of unburned fuel in the quenching layer on the single surface of a combustion chamber is measured by the infrared laser absorption method. The combustion chamber is divided into two compartments by a partition that has two holes covered with fine-meshed stainless gauze. After a propane-air mixture is ignited by a spark plug, a flame develops and quenches at the quenching block on the partition in the upper compartment. The mixture in the lower compartment remains unburned, but both compartments are at the same pressure. Two laser beams are introduced into the chamber; one is used to measure the fuel concentration near the quenching block (quenching wall) in the upper compartment and the other is used to measure the mixture concentration in the lower compartment. The fuel concentration near the surface of the quenching wall is obtained by analyzing the intensities of the two laser beams. A quenching layer is observed immediately after the flame reaches the quenching wall that is so thin that the thickness of the preheat zone of the flame overlaps each other and the fuel concentration in the quenching layer is very low. A little fuel then diffuses into the burned gas, but almost all the fuel stays near the quenching plate surface. The quantity of fuel remaining in the quenching layer at the time of flame extinction was lowest with an equivalence ratio of about 1.2, which is inconsistent with the characteristics exhibited by the quenching layer thickness.
Introduction
Unburned hydrocarbons discharged from spark-ignition engines are a source of air pollution. They are believed to originate in quenching layers that form at walls and small crevices in the combustion chamber (1) - (4) . It is believed that when flame propagation is completed some of the unburned fuel in the quenching layers mixes with the fuel gas and is eliminated by oxidation, but the remainder is discharged as exhaust gas without reacting. Several studies have investigated the behavior of this unburned fuel in a constant-volume combustion chamber or an engine combustion chamber equipped with a high-speed gas sampling valve. They analyzed the gas sample and estimated the unburned gas concentration distribution in the vicinity of the chamber walls from the collected sample volume. Based on the experimental results, it has been inferred that the unburned fuel in the quenching layer on a single-wall surface is rapidly oxidized and thus eliminated after flame propagation. Therefore, this has little contribution to the discharge of unburned hydrocarbons, and the main source of unburned gas discharge is in the region of crevices (5) - (7) . However uncertainty remains concerning the specific behavior of unburned fuel in the vicinity of a wall. Recently, the infrared laser absorption method has been employed to measure in situ fuel concentrations for the combustion diagnostics of burner flames and engines (8) - (17) . In the present study, the near-wall fuel concentration distribution and that in the quenching layer was investigated using infrared absorption as a non-contact measurement method to obtain fine resolution of time and space. Figure 1 shows a schematic diagram of the experimental system. The steel combustion chamber is a constant-volume disk-type device with an internal diameter of 80 mm and 36 mm thick walls. The chamber was divided into upper and lower compartments by a partition containing two 20 mm diameter holes, which were both covered with a 50-mesh wire gauze. The mixture in the upper compartment was ignited by a spark plug so that a flame developed in the upper compartment. The flame was quenched by a quenching block and steel gauze, and thus could not propagate into the lower compartment, although the upper and lower compartments were connected via the two holes and thus had the same pressures. The pressure was measured using a strain gauge pressure sensor installed in the upper compartment. Sapphire glass windows were used for laser beam passage through the chamber, to minimize infrared absorption and attenuation. The 3.39 μm wavelength He-Ne laser beam was pulsed by a chopper, and the nominal beam diameter of 3 mm was narrowed to 0.4 mm using a pinhole located immediately in front of a half mirror that was used to split the beam into two. After splitting, one beam travels straight through one Band pass filter window into the lower compartment filled with unburned mixture, through the other window and then through a bandpass filter to the infrared detector. The other beam is reflected by a mirror through one window into the upper compartment and through the other window and then through a bandpass filter to the detector. The mirror was vertically adjustable, and the infrared detector could be adjusted both vertically and horizontally using a micrometer. PbSe elements were employed in the infrared sensors. The sensor output signal was amplified, converted to digital by an analog-digital (AD) converter, and then input to a personal computer. A visible light 0.633 μm wavelength He-Ne laser was used to adjust the optical system.
Experimental system and method
Although the light absorption coefficient of gases is generally dependent on both pressure and temperature, the infrared absorption coefficient of propane is strongly dependent on pressure and is influenced little by temperature (18) , which is the primary reason that propane was selected as the fuel for these experiments. Combustion occurred only in the upper compartment while the mixture in the lower compartment remained unburned and the pressure in the two compartments was equalized throughout. The laser beam entering the lower compartment thus passed through a gas of known fuel concentration and this was used as the reference beam. Correction was made for changes in the absorption coefficient due to pressure changes, but not for temperature changes, because its effect was considered to be negligible. Preliminary measurements of laser beam absorption were performed for a propane-air premixed flame formed by a nozzle burner. The results confirmed that no absorption occurred in the burned gas at the relevant wavelength. The quenching block was installed immediately above the partition and its height was 10mm. The wall temperature was maintained at room temperature. Figure 2 shows schematics of the horizontal and vertical sections of the combustion chamber. Ignition and flame propagation proceeded in the upper compartment. After combustion had completed, slight diffusion and mixing occurred between the burned gas in the upper compartment and the unburned gas in the lower compartment. However, the increase in fuel concentration in the measured region of the upper compartment by the diffusion of unburned mixture from the lower compartment during the first 70 ms after combustion had finished was estimated to be 1% or less of the mixed gas fuel concentration by calculation using a one-dimensional non-steady diffusion equation. The influence of fuel diffusion from the lower compartment during this short period was thus deemed to be negligible in these experiments. Fuel concentration measurements were performed with the laser beam parallel to the wall and at various heights above it. The concentration across the width of the combustion chamber, parallel to the laser beam, was assumed to be uniform. The width of the quenching wall was 35 mm and was thus quite large compared with the thickness of any quenching layers formed on the windows, so that any fuel in these quenching layers was deemed to have a negligible effect on the fuel concentration measurements. Fuel propane under reaction and particularly in flame and flame-front regions generally tends to decompose and form other hydrocarbons; however, gas analysis and other analyses (19) of gas in the combustion chamber of spark-ignition engines has revealed that fuel propane constitutes 90% or more of the unburned hydrocarbons in the burned gas. Consequently, almost all the unburned hydrocarbon remaining near the quenching layer after flame propagation is fuel, and in the present study the analyses were based on the assumption that all of the measured hydrocarbon was propane.
Measurement of fuel concentration
When light of a given wavelength is absorbed during passage through a gas, it is attenuated in accordance with the Lambert-Beer law. The intensity of the measured and reference beams passing through the combustion chamber may be expressed by the following equations,
,where I is the transmitted light intensity, I 0 the incident light intensity, C is the molar concentration, ε is the absorption coefficient, l is the absorption pass length and the subscripts m and r represent the measured and reference beams, respectively. By canceling the absorption coefficients and expressing lr/lm in terms of the ratio between the incident and transmitted light intensities with the mixture before combustion, the concentration of the fuel at any time in the gas through which the measurement beam is transmitted can be expressed as follows, where subscript i indicates the pre-ignition state. The reference fuel concentration C r was taken to be a constant equal to the unburned mixture concentration. Figure 3 shows typical measurement results. The experimental conditions were an equivalence ratio (φ) of 1.0, and the concentration measurement point was 2.1 mm from the wall. The results show the ignition signal time, the transmittance of the reference and measured beams, and the gauge pressure in the combustion chamber. The distance is that from the wall to the center of the laser beam. The chopper frequency was 1,000 Hz and the ignition energy was 50 mJ. The measured transmittance increased sharply approximately 12 ms after ignition. This is due to the arrival of the flame front at the measurement point, decreasing fuel concentration due to combustion, and decreasing laser beam absorption by the gas in the combustion chamber. In the lower compartment, the transmittance decreased with an increase in the absorption coefficient due to the increasing combustion chamber pressure, but then began to increase again as the pressure decreased after combustion. The pressure shows that combustion ended approximately 30 ms after ignition. In addition, there is no output gain of the laser intensity when the laser beam is cut off by the chopper at the time of flame arrival, which indicates that there was almost no emission of infrared radiation from the flame in the vicinity of the 3.39 μm wavelength. Figure 4 shows the fuel concentration distribution calculated from the measured light intensity using Eq. (3). During the experiments, measurements were performed two or three times at each position, 1 mm or less from the wall. The concentration changed sharply at the time of flame propagation and even under the same experimental conditions the timing of the flame arrival varied in the order of milliseconds, which resulted in a concentration variation of approximately 0.8% and a standard deviation of approximately 0.4%. In contrast, the fuel concentration became quite low after flame propagation, and the standard deviation was 0.02%. The purpose of this experiment was to investigate the behavior of the fuel concentration in the vicinity of the wall surface after flame propagation, so that this level of precision was deemed acceptable. For each point further than 1 mm from the wall, the measurement Figure 3 . Ignition timing, transmittance of the infrared laser at the point 2.1mm from the wall surface, and the pressure history in the combustion chamber. Figure 4 shows the change in concentration over the derived from measurements at 0.3 and 2.1 mm from the wall surface, with φ = 1.0. Along the horizontal axis, the time of ignition is taken to be zero. At both measurement points, the fuel concentration decreases sharply with flame arrival, but it has different end points. At 2.1 mm the concentration decreased to almost zero. In contrast, at 0.3 mm the concentration was not decreased to zero at any time after flame arrival, which indicates the continued presence of fuel in the wall vicinity, and thus the formation of a quenching layer. After the fuel concentration reached its minimum value, it showed a small, gradual increase which may be due to the contraction and expansion of the quenching layer and the burned gas due to pressure and temperature changes in the combustion chamber after flame extinction, as well as the diffusion of remnant fuel in the quenching layer into the burned gas. From approximately 40 ms after ignition, the concentration remained almost constant, which indicates that unburned gas containing fuel at a comparatively high concentration very near the wall surface persisted for a relatively long time, and therefore the mixing effect by diffusion was not large. Figure 5 shows variations in the fuel concentrations at points 0.3 and 2.0 mm from the wall surface with an equivalence ratio of φ = 0.8. The post-ignition decrease in fuel concentration was considerably later and slower than that for the stoichiometric mixture combustion, presumably because of a lower flame velocity of and greater flame thickness. Even with this lean fuel mixture, and although the fuel concentration after ignition decreased to almost zero at 2.0 mm, fuel persisted at 0.3 mm. On the other hand, the fuel concentration at the minimum value was higher than with the stoichiometric mixture and the subsequent increase was somewhat larger. This may be attributable to the formation of a thicker quenching layer on the wall, and thus a larger quantity of unburned fuel. 
Experimental Results and Discussion

Output signal and concentration measurement
Flame position and quenching layer thickness
In this investigation, the time at which the fuel concentration decreased sharply to the minimum value was assumed to be the flame arrival time. On this basis, as shown by the relationship between the distance of the flame from the wall and the time from ignition in Figure 6 with an equivalence ratio of φ = 1.0, the flame approached the wall from some distance at an extremely high, essentially constant, velocity to approximately 0.3 mm from the wall, where it abruptly decelerated. This distance, over which the flame velocity changed significantly, was taken as the distance from the wall at the time of flame extinction, denoted as ds. ds was determined at various φ, and its dependence on φ is shown in Fig. 7 . There has been only a small number of studies on the thickness of the quenching layers on single walls (20) ; therefore, the values of the quenching distance dq, shown in Figure 7 are from studies on two walls (1) , (21) , approximated for a combustion chamber pressure of one atmosphere for comparison with the present results in which the combustion chamber pressure when the flame arrived at the measurement point was approximately 0.13 to 0.14 MPa, as shown in Fig. 3 . The close agreement between the values of ds and dq indicates that the method of the present study is effective for estimation of the quenching distance.
In accordance with the premixed flame structure (22) , the fuel concentration in the preheating zone generally decreases sharply, and the extremely low in the reaction zone, where OH, H, and other intermediates increase considerably. The quenching distances at all equivalence ratios examined the present study were This indicates that the reaction zone was extremely close to the wall at the time of flame extinction, and thus the quenching layer, even in regions where it necessarily overlapped the preheating zone, had the characteristics of a region adjoining the reaction zone.
Spatial distribution of fuel concentration
The spatial distribution of the fuel concentration was obtained in the vicinity of the wall from the time distribution of the concentration. Figure 8 shows the results for φ = 1.0. 15 ms after ignition, the flame approached to within approximately 1 mm from the wall, and when it arrived at the wall at 20 ms the fuel concentration 0.2 mm from the wall (i.e., the nearest measurement point to the wall) was 0.5% or less. At all times, the fuel concentration increased with proximity to the wall, but the highest concentration was far lower than that in the unburned mixture. This may be attributed to the thinness of the quenching layer and its consequent overlap with the preheating zone, which is nearer to the reaction zone. After 20 ms, the concentration began to increase slightly in the region 1 mm or less from the wall, presumably due to expansion of the quenching layer including fuel, and simultaneous diffusion of the fuel toward the burned gas. However, even 70 ms after ignition the concentration at distances of 1 mm or more from the wall was almost zero, which indicates that the fuel in the quenching layer underwent very little dispersion after flame quenching, and because there was no afterburning reaction, remained near the wall. Therefore, the dissipation of the fuel by diffusion was quite limited, and there was no indication of any consumption of the remaining fuel by the afterburning reaction. Figure 9 shows the fuel concentration distribution at φ = 0.8. The flame velocity was low compared with that at φ =1.0. The flame did not reach the wall until 30-35 ms after ignition. The fuel concentration rapidly decreased with further flame propagation, and with no indication of any moderate reaction, such as an afterburning reaction. At the end of flame propagation, the fuel concentration in the region of approximately 0.5 mm or more from the wall decreased to zero. However, fuel remained in the region 0.5 mm or less from the wall at 70 ms, similar to the case of the stoichiometric mixture. It is generally considered that fuel in the quenching layer on a single wall reacts and disappears more rapidly after flame quenching with lean fuel mixtures than with stoichiometric mixtures, but in these experiments the fuel remained in the vicinity of the wall well for both the lean and the stoichiometric mixtures. It is possible that the gas flow in the cylinder of a spark-ignition engine promotes mixing between the quenching layer and the burned gas, so that the present results cannot be directly applied to the fuel behavior in the quenching layer of the combustion chamber wall of an engine. Therefore further investigation into the behavior of fuel in the quenching layer that forms at an engine single wall is necessary. Figure 10 shows the concentration distribution with φ = 1.25. At 20 ms after ignition, only a small quantity of fuel remains in the vicinity of the wall and the flame propagation had almost ended. After 20 ms, fuel diffused into the burned gas and a slight increase in fuel concentration over time was discernable in the region up to 1 mm from the wall, which may be attributable to expansion of the quenching layer and fuel diffusion, but remained in the vicinity of the wall even at 70 ms after ignition.
Fuel remaining on the wall
The time at which the fuel concentration fell to a minimum at measurement points near the wall was taken as the time of flame front arrival and the end of flame propagation. Figure 11 shows the minimum fuel concentrations at 0.3 mm from the wall for various φ . The lowest minimum value was at approximately 0.2% for φ = 1.2, while it was approximately 0.4% for φ = 0.8, and approximately 0.5% for φ = 1.5. These characteristics closely match those of the quenching distance. Therefore, it is possible that when the qu e n c h in g lay e r i s t h in an d th e d i ame te r o f th e la se r be a m is approximately the same as the quenching wall thickness, the measured region includes both the quenching layer and the reaction zone and therefore the fuel concentrations obtained in the measurements would represent the average values for that region. In addition, as the measured value is proportional to the fuel quantity in that region above the wall, the fuel concentration is therefore the lowest for an equivalence ratio that gives the smallest quenching layer thickness.
These results differ somewhat from those reported for unburned hydrocarbon concentrations in the exhaust of a spark-ignition engine, which showed the lowest concentrations for a lean mixture (20) and higher concentrations for both leaner and richer mixtures. This pattern may be attributable to a relatively small contribution from the single-wall quenching layer in an engine to its exhaust of unburned hydrocarbons, and to the relatively large effect of post-combustion mixing and reaction of burned gas with unburned gas from the quenching layer and crevices during the expansion and exhaust strokes.
Conclusion
Investigation of the behavior of fuel in the vicinity of the wall of a combustion chamber based on fuel concentration measurements by infrared laser absorption revealed the following.
(1) With the arrival of the flame, the fuel concentration in the vicinity of the wall decreases rapidly to an extremely low value and then increases moderately over time due to expansion of the quenching layer and diffusion of the fuel.
(2) The quenching layer formed on a single wall was in the same order of thickness as the reaction zone, and as it overlapped with the region of the preheating zone adjacent to the reaction zone, the fuel concentration thus became far lower than that of the mixed gas.
(3) Fuel remained in the vicinity of the wall for several tens of milliseconds after flame extinction, which indicates limited dissipation of the fuel by diffusion and an almost complete absence of any afterburning reaction.
(4) The quantity of fuel remaining in the quenching layer at the time of flame extinction was lowest for an equivalence ratio of approximately 1.2 and was higher for both smaller and larger equivalence ratios, which closely matches the trend exhibited by the quenching layer thickness. 
